A polymer-based nanofiber composite actuator designed for contractile actuation was fabricated by electrospinning, stimulated by electrolysis, and characterized by electrochemical and mechanical testing to address performance limitations and understand the activation processing effects on actuation performance. Currently, Electroactive polymers (EAPs) have provided uses in sensory and actuation technology, but have either low force output or expand rather than contract, falling short in capturing the natural kinetics and mechanics of muscle needed to provide breakthroughs in the bio-medical and robotic fields. In this study, activated Polyacrylonitrile (PAN) fibers have demonstrated biomimetic functionalities similar to the sarcomere contraction responsible for muscle function. Activated PAN has also been shown to contract and expand by electrolysis when in close vicinity to the anode and cathode, respectively. PAN nanofibers (~500 nm) especially show faster response to changes in environmental pH and improved mechanical properties compared to larger diameter fibers. Tensile testing was conducted to examine changes in mechanical properties between annealing and hydrolysis processing. Voltage driven transient effects of localized pH were examined to address pHdefined actuation thresholds of PAN fibers. Electrochemical contraction rates of the PAN/Graphite composite actuator demonstrated up to 25%/min. Strains of 58.8%, ultimate stresses up to 77.1 MPa, and moduli of 0.21 MPa were achieved with pure PAN nanofiber mats, surpassing mechanical properties of natural muscles. Further improvements, however, to contraction rates and Young's moduli were found essential to capture the function and performance of skeletal muscles appropriately.
INTRODUCTION
Polyacrylonitrile (PAN) has shown promise as a candidate material towards mimicking natural muscle function. In its activated form, PAN fibers show a mechanical response to environmental variations of pH 1 . Significant contraction and elongation were observed in PAN fibers upon acidic and basic solution exposure, respectively. Although the use of acidic and basic chemistry is suitable for PAN actuation, a safer and potentially more efficient alternative is utilizing the ion production due to the electrolysis of water to stimulate activated PAN 2 . Stimulating PAN electrochemically also provides voltage control over the extent of actuation. Although this is a promising material for biomimetic actuation, various limitations have been observed in the literature [1] [2] [3] .
In this paper, the limiting factors of PAN-based actuation were examined in the hopes of improving overall actuation performance. We approached the problem from a biomimetic perspective to examine the structure and mechanisms of skeletal muscles and incorporate certain design features into designing a refined artificial muscle actuator. The activation process was also examined as a means to optimize our system in this aspect.
The aim of this paper is to demonstrate that the performance of PAN-based fiber actuators can be improved by closely mimicking select mechanisms from biological muscles, as well as identify additional limitations to be addressed in the hopes of capturing or surpassing biological muscle performance with an artificial system.
LIMITATIONS AND BIOMIMETIC SOLUTIONS
To begin designing actuators to mimic the functionality of skeletal muscles, the important mechanical features must be * Email: mark.gonzalez@duke.edu evaluated and understood. Table 1 provides a summary of skeletal muscle properties as a benchmark for artificial muscle actuator design. Natural muscle can be recognized as the best existing actuator, not for a single dominating characteristic, but rather for its overall balanced performance and desired features 4, 5 . This work will focus on methods to improve strain rates as it has the highest potential impact toward improving actuation function for electrochemical-based systems. 10-60
Diffusion Response Times
One of the leading issues with PAN-based actuation is the effect of diffusion rates and the associated reaction times. Thick fibers on the order of a few microns require longer times to diffuse ions through the material, limiting the overall response time. If we examined the microstructure of skeletal muscle fibers, multiple myofibrils consisting of actin and myosin myofilaments with diameters on the scale of a few nanometers can be observed 6 . These filaments are the building blocks of sarcomeres responsible for muscle contraction. Considering this structural design, an apparent design feature we can extract is the use of smaller fibers to obtain significantly higher diffusion rates and shortened response times.
Smaller PAN fibers can be fabricated by means of electrospinning. Electrospinning is a high voltage process that draws fibers from a polymer solution to be collected onto an electrically ground collector plate. As voltage is applied to the solution, it becomes charged and forms a Taylor cone from which solution is drawn. Fibers are then formed by the entanglement of high molecular weight polymer chains as it is drawn and elongated towards the collector plate, significantly reducing the diameter down to the nanoscale. PAN nanofibers produced by electrospinning have shown an almost instantaneous response to stimuli 7 . Aside from fibril diffusion, nanofiberous structures are also preferred materials for improved permeability 8 and possessing large surface areas [9] [10] [11] [12] , allowing chemical solvents and ions access to larger areas and improved response times. An additional benefit to using nanofibers is the improved mechanical strength. As the diameter of nanofibers decrease, the Young's Modulus is shown to increase due to higher molecular alignments within individual fibers 13, 14 . In this study, PAN nanofibers were produced by electrospinning and their mechanical properties as well as their response to electrochemical stimuli were examined to properly characterize the material.
Electrochemical pH Gradients
A limitation found to be associated with electrochemical actuation is the rate of pH change in solution. PAN fibers have shown inherent pH thresholds dictating the necessary pH levels required to contract or expand. Initial examinations have shown significant contraction initiating below pH 3.7 and expansion above pH 10.3 for 22.5 µm dia. fibers 1 . Nanofiberous PAN showed similar results
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. Although this limitation can be addressed using highly acidic or basic solutions, the undesirable consequence resides in the formation of salts during repeated contraction and elongation cycles, eventually leading to buildup and degradation of actuator performance. Although electrolysis is capable of substituting the use of harmful solutions, a thorough examination of the process is needed in order to effectively actuate PAN fibers.
Muscle contraction initiates by an action potential triggering the release of Ca+ ions from the sarcoplasmic reticulum membrane to surrounding myofilaments, allowing myosin to bind to actin. A sufficient method to emulate a similar ionic initiation takes advantage of the pH gradients produced by working electrodes. A typical electrolysis setup using a dilute electrolyte would show no overall change in pH in the bulk solution, rather significant changes are observed local to the electrode surfaces due to the production of H+ and OH-ions. Significant gradients have been shown to occur within 20 µm of the electrode 15 , decreasing as you migrate from the surface. To maximize high or low pH exposure, PAN fibers 
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Collector Plate (Aluminum Foil) will need to reside within this region, ideally in direct contact. To examine the transient effects of pH, an electrolysis setup was used to determine how quickly PAN fibers will respond to varying voltage levels when in close vicinity to the electrodes.
Material Processing
A significant source of performance variation resides in the annealing process of polyacrylonitrile. High temperatures ranging from 200°C -300°C initiate the formation of pyridine ring crosslinks, stiffening the polymer matrix 16 . The annealing temperature and duration dictate the degree of crosslinking and the remaining nitrile groups. These remaining groups can be hydrolyzed to produce carboxyl groups responsible for generating electro-repulsive forces and stretching the chain backbone. The protonation and de-protonation of these carboxyl groups is one of the driving mechanisms for contracting and expanding the polymer hydrogel. The important role carboxyl acid groups play in the actuation of PAN fibers is analogous to the functional role myosin heads play in the contraction of muscles. Too few myosin heads to bind to actin results in low force generation and overall strength 17 whilst too many myosin heads or domain mutations can result in completely defective muscle function 18 . Thus a balance in quality and quantity of the significant contraction mechanisms is necessary to ensure successful and efficient performance, both biologically and synthetically.
EXPERIMENTAL SETUP AND PROCEDURES

PAN Nanofiber Fabrication
For all electrospinning experiments, both Polyacrylonitrile (Mw = 150,000) and Dimethylformamide (DMF) were purchased from Sigma Aldrich and used for all solution preparations. PAN was combined with DMF to create a 10 wt% solution and was mixed for 24 hours using a magnetic stir-bar. The horizontal electrospinning setup consisted of a high voltage power supply (10 kV, Trek Model 610E), a syringe pump (Model 780210V, KD Scientific Inc.), a stainless steel flat-tip syringe needle (15 Gauge, McMaster Carr), and a steel collector plate using aluminum foil to collect the nanofibers (Figure 1 ). The positive lead from the power supply was connected to the syringe needle and ground was attached to the aluminum foil. An electric field of 1 kV/cm was maintained at a collection distance of 10 cm. The flow rate was held at 0.763 ml/hr for 6 hours. Samples were extracted and sputtered with gold to examine fiber diameters using an AMRAY 1830 SEM. 
3.2: Crosslinking and Activation of PAN nanofibers
Electrospun PAN was annealed between 90 to 180 minutes in a high temperature oven (ATS Series 3600) at 240°C. Annealed PAN nanofibers were then hydrolyzed in 1M Sodium Hydroxide (NaOH, Sigma Aldrich) at 95°C for 30 minutes. Activated samples were then immersed in distilled water for 24 hours to remove any NaOH residue.
Tensile Testing
Annealed PAN as well as activated PAN nanofibers under full contraction and expansion (See Figure 3) were tested using a tensile machine (MTS Sintech Model 1125) equipped with a 50kg load cell. Prior to hydrolysis, sample ends were cast into Polydimethylsiloxane (PDMS) to provide a sufficient gripping surface. Activated samples under full contraction were prepared by immersion in a Hydrochloric acid bath (1.0N, Alfa Aesar) until sample volume reached equilibrium. Samples were then rinsed in distilled water to remove excess acid. Contraction strains for each acid treated sample were recorded. Excess water from hydrated samples were removed prior to testing. Due to the low expected strain of annealed samples, strain rates of 0.05 in/min were applied. To avoid hydrated samples from drying during testing, a faster strain rate of 0.2 in/min was applied.
Transient Variation of Localized pH
Two graphite sheet electrodes were submerged in a 0.1M NaCl solution for electrolysis. One electrode was placed in direct contact with the glass probe of the pH meter. The pH meter was calibrated using pH 7 and pH 4 buffer solutions for anodic activity of the in-contact electrode. Buffer solutions of pH 7 and pH 10 were used to calibrate the pH meter for cathodic activity. Various voltage levels were applied for 1 minute durations and the electrolytic solution was allowed to equilibrate pH prior to each sequential test.
RESULTS AND DISCUSSION
Electrospun PAN nanofibers randomly collected onto the collector plate had a distinct white color prior to annealing. Depending on the duration of annealing, the samples would vary in color from a light beige to a dark brown, signifying the extent of nanofiber crosslinking (Figure 2) . Hydrolyzed samples showed a distinct black color and an increase in volume due to water absorption during rinsing. Samples annealed for longer durations showed less of a volume increase possibly due to the swelling resistance from a highly cross-linked network. SEM analysis shown an average diameter of 490 ± 40 nm for fibers before and after annealing, indicating annealing showed no significant effect on fiber diameter. The average mass of the tensile samples was 35.6 ±1.7 mg with dimensions 7.5cm x 2cm x 40µm after annealing. Annealed samples showed low ductility as well as near clean breaks perpendicular to the applied load. Some samples showed shearing between layers, indicating layer delamination possibly due to poor crosslinking across layers. Hydrated fully expanded samples displayed an elastomeric stress-strain behavior with no observable necking or volume change upon failure. Due to the absorbance of water into the nanofiber network, fully expanded samples suffered from lower stiffness and ultimate stress values. Samples in full contraction expelled water from its network and showed a superior increase in material properties at all annealing times (Figure 3 ). Plastic deformation and significant necking occurred including visible striations seen within the sample indicating nanofiber alignment during testing. As the duration of annealing increases, there was no significant changes in the annealed only samples, but noticeable convergence of strain values of the fully expanded and fully contracted samples was observed ( Figure 4b ). As the extent of crosslinking increases, there was a decrease in potential carboxyl groups that can form from nitrile groups during hydrolysis to drive actuation upon pH stimulation. The convergence of the two plots signifies the material will not respond to any pH stimulus while divergence will represent large actuation generated by the material. The consequence of high actuation displacement (abundant carboxyl groups) is the reduced amount of crosslinking (pyridine formation) resulting in reduced material stiffness. A fully contracted sample that undergoes a 2.5 hour annealing time resulting in a 0.205 MPa stiffness and capable of producing contractile displacement of 47.5%, provides an optimal balance of high stiffness and high actuation displacement to maximize mechanical performance of the material. During anodic operation within a dilute sodium chloride solution, OH-ions being relatively less stable than Cl-ions are selectively discharged and oxidized to form oxygen (O 2 ) gas at the anode. Thus, the redox reaction that occurs at the anode, , increases the concentration of H+ ion near the anode, decreasing the localized pH. As the voltage was increased, the rate of pH change increased ( Figure 5) . The anode at +15V produced 3 pH within the first 3 seconds of testing and continued to decrease. During cathodic operation, H+ ions are selectively discharged over Na+ ions and are reduced to form hydrogen (H 2 ) gas through the half reaction . This increases localized pH due to the reduced concentration of H+ ions or increased concentration of OH-ions. During cathodic operation at -15V, pH levels reached 14 almost immediately after applying voltage. These large gradients can provide the necessary acidic or alkalinity needed to overcome the inherent actuation thresholds. Since there is an observed relationship between increased voltage and increasing rate change of pH, we may further improve the actuation response of activated PAN nanofibers by maximizing voltage to increase the current, resulting in faster redox reactions. Eventually, current limitations are expected to occur due to mass transfer limitations of the necessary species to drive the reaction. 
PAN NANOFIBER COMPOSITE ACTUATOR PROTOTYPE PAN/Graphite Composite Actuator
The results from the mechanical and electrochemical testing lead to the design of a PAN nanofiber/graphite electrode composite actuator. A graphite electrode sheet was embedded between two layers of electrospun PAN nanofibers, annealed and hydrolyzed to activate the composite (Figure 6 ). Both the PAN/Graphite composite and a similar graphite sheet were submerged in a dilute NaCl solution and connected to a power supply. A positive voltage of 15V was applied to the composite for 1 minute to initiate contraction. A 25% decrease in length was observed. Significant contraction was also observed widthwise of the sample. Due to collecting nanofibers on a static collector, the random orientation of nanofibers creates a uniform reduction in area during contraction. Activated PAN nanofibers typically have the greatest volume change axially, so it is preferred to orient fibers in the same direction to emphasize contraction in a linear fashion as well as improve the overall modulus of the material.
Due to the excessive buildup of oxygen gas within the actuator and the porosity of the graphite electrodes, CO 2 formation was suspected to progressively corrode the electrode and cease any further actuation. The use of anti-corrosive electrodes is necessary for long term operation. Response times and elongation rates of the PAN/Graphite Actuator showed a significant improvement to previous PAN/Graphite designs. The highest rate of contraction documented in previous works was 27% in 10 minutes using 7.0 µm diameters PAN fibers intertwined with graphite 19 . Our experimental results show a rate of contraction of 25% in 1 minute using PAN nanofibers with an average diameter of 450 nm. Reduced fiber diameter as well as the composite design contributed to better response to hydrogen ion production. 
CONCLUSIONS
The application of biomimetics on sarcomere and myofibril function provided inspiration to adopt certain characteristics and functionalities for artificial muscle actuators. Also, examining the processing effects to create activated PAN nanofibers allowed for optimizing the material to provide a suitable balance between actuation displacement and mechanical strength. It was also found that examining the electrolytic process and taking advantage of methods to improve redox reaction rates further improved actuation performance. These results allowed us to develop a PAN nanofiber composite actuator with improved strain rate performance that possesses comparable material properties to natural muscle. Although the strain rates obtained are still far from replicating the strain production of skeletal muscle,
